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One-electron-transfer reaction2-methyl-1,4-naphtoquinone 1 (vitamin K3, menadione) derivatives with different substituents at the 3-
position were synthesized to tune their electrochemical properties. The thermodynamic midpoint potential
(E1/2) of the naphthoquinone derivatives yielding a semi radical naphthoquinone anion were measured by
cyclic voltammetry in the aprotic solvent dimethoxyethane (DME). Using quantum chemical methods, a clear
correlation was found between the thermodynamic midpoint potentials and the calculated electron afﬁnities
(EA). Comparison of calculated and experimental values allowed delineation of additional factors such as the
conformational dependence of quinone substituents and hydrogen bonding which can inﬂuence the electron
afﬁnities (EA) of the quinone. This information can be used as a model to gain insight into enzyme–cofactor
interactions, particularly for enzyme quinone binding modes and the electrochemical adjustment of the
quinone motif.
© 2009 Elsevier B.V. All rights reserved.1. IntroductionThe quinone scaffold is commonly found within numerous natural
products and prosthetic groups [1]. They are known for their anti-
inﬂammatory, anti-tumor, anti-parasitic and anti-microbial activities
[2,3]. Quinones are involved in a variety of important cellular
functions such as energy transduction [4] and redox cycling [5].
Beside other prosthetic groups such as ﬂavin adenine dinucleotide
(FAD), iron–sulfur clusters and heme molecules, quinones act as
cofactors for electron transfer between different redox enzymes inside
the respiratory complexes located in the membranes of mitochondria,
bacteria and chloroplasts. Up to now, structural data on a large
number of quinone–enzyme complexes has been reported. Examplesle: [cyclic voltammogram of 9,
quinones 2 and 6 and their
6, the vertical electron afﬁnity
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ll rights reserved.include the ubiquinone in the QB binding pocket of the photosynthetic
reaction center [6], ubiquinone in succinate dehydrogenase [7] and
also in the Qi site of the bc1 complex [8]. However, in spite of the vast
amount of information known about the mode and environment in
which quinones bind, comparatively little is known about the binding
and redox properties in quinone converting enzymes [9]. The
electrochemical properties of quinones are based on their ability to
accept one or two electrons to form the radical anion or dianion
species respectively. Examples for both processes have been found in
vivo, the enzyme NADH:cytochrome P-450 reductase is a one-
electron-reduction enzyme which produce a semiquinone radical
intermediate, while the enzyme NAD(P)H:oxidoreductase is a two-
electron-reduction enzyme [10].
The two-electron reduction followed by protonation (quinone/
quinol system) is important for the anti-tumor behavior of quinone
drugs. Here, quinone-based drugs undergo reductive arylation
resulting in DNA cross-linking [11,12]. The one-electron reduction
(quinone/semiquinone system) results in the formation of a highly
reactive semiquinone radical anion which is able to transfer a single
electron to molecular oxygen causing reactive oxygen species (ROS)
and oxidative stress. Cytotoxicity is highly dependent on the
electrochemical potential of the radical anion produced [5] and
affected by mutations in the enzyme's amino acid residues that are
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electron-transfer chain. In contrast to the potential of the two-
electron reduction in cancer therapy, one-electron reduction has
been found to be associated with a range of different diseases [13]. In
the key mechanism of electron transfer and proton translocation
across the membrane in the cytochrome bc1 complex (protonmotive
Q cycle) [14,15], a stable semiradical was identiﬁed as an inter-
mediate in the Qi site. Electron transfer is bifurcated and proceeds
through a quinol oxidation in the Qo site via the low and the high
potential b type hemes to the quinone reduction in the Qi site. In
contrast to the semiquinone radical species formation during the
quinone reduction at the Qi site, the situation for the quinol oxidation
at the Qo site remains controversial, particularly with regard to how
these enzymes insulate the reactive semiquinone radical from further
reaction with oxygen (the so-called bypass reaction [16]) and
minimize the decoupling of electron transfer from pumping or
formation of superoxide anion. Two models have been proposed to
explain this protective behavior (as presented and termed type I and
II [17]).
In the “type I” model which is also referred to the “proton-gated
afﬁnity change” mechanism, the QH2 is oxidized by two sequential
one-electron transfers, producing a thermodynamically stabilized
semiquinone at the Qo site via the binding to the “Riske” cluster [18].
In contrast, the “type II” model or the “double-concerted electron-
transfer” model involves a concerted two-electron quinone redox
chemistry that avoids the semiquinone radical intermediate [19].
In the classical quinone chemistry, however, the in-vitro quinone
redox reactions can be clearly divided into two categories: the two-
electron–two-protonprocess inwater or the one-electron processes in
aprotic solvents. The electrochemistry in water shows marked
differences in buffered and unbuffered systems [20]. The one-electron
reduction involving the formation of a highly reactive semiquinone is
an important mechanism, especially in lipophilic environment.
Herein, we investigate the electrochemistry of vitamine K3 (the
redox active core of vitamin K) derivatives in aprotic media, where the
one-electron-transfer reaction is predominant. Additionally, aprotic
solvents mimic the hydrophobic protein interior inwhich the quinone
cofactor is embedded and therefore provide appropriate models for
quinone converting enzyme redox behavior.
Recently, substrate analogues of vitamin K with tuned electro-
chemical behavior [21,22] have been designed to investigate the
presence or absence of transmembrane proton transfer in diheme-
containing membrane protein complexes based on substrate conver-
sion and speciﬁcity. These ﬁndings clearly conﬁrmed the correlation of
the electrochemical and bioactive properties [23] and particularly the
importance of the relative midpoint potential of quinones in relation
to cytotoxicity, substrate conversion and speciﬁcity. The different
redox potential behaviors of quinones are strongly dependent on the
substituents of the quinonic or adjacent rings. In the membrane
environment, this behavior is tuned by features such as binding
orientation, conformational changes and non-covalent interactions
such as hydrogen bonding and hydrophobic interactions with protein
binding pockets and phospholipids. The role of the protein environ-
ment in determining the redox midpoint potential of quinones has
been explored using site-directed mutagenesis [24] and FTIR
measurements [25].
To verify the different electrochemical effects of substituents of
vitamin K3, we synthesized a variety of 3-substituted analogues of
vitamin K3. Their electrochemical behavior was investigated by cyclic
voltammetry and correlated to calculated electron afﬁnities deter-
mined by density functional calculations. Furthermore, we calculated
effects that may help the protein to modulate the electrochemistry of
its bond quinone cofactor. Quinones have been a subject of several
computational studies [26–31] concerning the structure of the ground
state, oxidized and reduced species and spectral properties such as
EPR parameters [32,33] and the vibrational spectra [27,34]. The effectsof different substituents at the ring system on the electron afﬁnity and
the correlation to experimental results has been extensively investi-
gated for p-benzoquinones, but only in part for 1,4-naphthoquinones
[35–39]. To the best of our knowledge, there has been no accurate
investigation into how the binding of quinones to the target enzyme
can affect its electrochemical properties. However, by means of
computational chemistry, it is not only possible to partition the total
binding energy into contributions arising from substituent effects,
conformational changes, and non-covalent interactions such as
hydrogen bonding and hydrophobic interactions, but also to investi-
gate their inﬂuences on the electrochemistry of quinones in the target
protein.
2. Materials and methods
2.1. General remarks
NMR spectra were recorded at a 1H frequency of 250 MHz.
Elementary analyses were measured on a Foss CHN-O-RAPID instru-
ment. All reactions were monitored by thin-layer chromatography
(TLC), performed on silica gel POLYgram® (Macherey-Nagel). Chro-
matographic puriﬁcations were done with Merck silica gel 60.
2.2. Computational methods
The structures of the neutral naphthoquinones were initially
optimized at the B3LYP level of theory [40], using the 6-31+G(d)
basis set. As starting structures for geometry optimization, experi-
mental data obtained from X-ray crystallography were used. The
nature of the resulting stationary point was determined by a
subsequent frequency calculation. Reﬁned energies were obtained
by single-point calculations employing the larger 6-311+G(2d) basis
set. Vertical electron afﬁnities were calculated as the difference
between the absolute energy of the neutral quinone and the radical
anion at the geometry of the neutral quinone. For comparison,
adiabatic electron afﬁnities were calculated in a similar manner
using the optimized structure of the radical anion. Solvent effects
have been introduced using a self consistent reaction ﬁeld based on
the polarizable continuum model (PCM) [41], calculating vertical
electron afﬁnities at the B3LYP/6-311+G(2d)//B3LYP/6-31+G(d)
level of theory, using the geometries obtained for the non-solvated
molecules. All calculations were done with the Gaussian 03 package
of programs [42].
2.3. Quinone synthesis
The syntheses of 2-methyl-3-methylamino-1,4-naphthoquinone 2,
2-amino-3-methyl-1,4-naphthoquinone 3, 2-ethyl-3-methyl-1,4-
naphthoquinone 5, 2,3-dimethyl-1,4-naphthoquinone 6 and 2-
methyl-3-nitro-1,4-naphthoquinone 8 have been described previously
[21, 22]. 2-Bromo-3-methyl-1,4-naphthoquinone 7 [43] and 6,7-
dimethoxy-1,4-naphthoquinone 13 [44] were synthesized following
literature procedures.
The synthesis of 2-hexyl-3-methyl-1,4-naphthoquinone 4 was
identical to that of 2-ethyl-3-methyl-1,4-naphthoquinone 5 [22],
starting from commercially available vitamin K3. The hexyl residue
was introduced by a radical Hunsdiecker decarboxylation of heptanoic
acid using silver nitrate and peroxydisulfate in an acetonitrile/water
mixture. 1H-NMR (250.13 MHz, CDCl3): δ[ppm]= 8.12–8.08 (dd,
2J=10.0 Hz, 3J=2.5 Hz, 2H, aromatic protons), 7.73–7.69 (dd,
2J=10.0 Hz, 3J=2.5 Hz, 2H, aromatic protons), 2.66 (t, 2J=7.5 Hz,
2H, CH2CH2), 2.22 (s, 3H, CH3), 1.27–1.50 (m, 8H, 4×CH2) 0.88 (t,
2J=7.5 Hz, 3H, CH2CH3). 13C-NMR (62.9 MHz, CDCl3): δ[ppm]=185.4;
184.7 (C=O), 147.6; 143.1; 132.2; 132.1 (C), 133.3; 133.2; 126.2; 126.1
(CH), 31.6; 29.6; 28.7; 27.12; 22.5 (CH2), 14.0; 12.6 (CH3). Anal.Calcd.
for C17H20O2: C 79.65, H 7.86; Found: C 79.57, H 7.86.
Table 1
Vitamin K3 derivatives investigated in this study, their correspondingmidpoint potential
E1/2 and the difference Epa−Epc.
a phthiocol 9 exhibits a single irreversable 2/3-electron peak [48] with Epc=−0.62 V.
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Cyclovoltammetry experiments were measured using a conven-
tional three-electrode cell in dimethoxyethane with tetrabutylammo-
niumperchlorate as supporting electrolyte on platinum working and
counter electrodes. The quinones were used as solutions at concen-
trations of 1 mM. The potential is given vs. Ag/AgCl reference
electrode, with a voltage sweep rate of 50 mV s−1 or 20 mV s−1. 1,2-
dimethoxyethane (DME) was purchased from Fluka, puriss; dried
over molecular sieves (H2Ob 0.005%). The solutions of the quinones
were deoxygenated with dry nitrogen prior use andmaintained under
inert nitrogen condition during each experimental run. The reversi-
bility of the cyclic voltammograms was evaluated (Supplementary
material S3). The one-electron peaks remain stable after different runs
and different scan rates. All electrochemical experiments were
performed at 25°C. Themidpoint potentials remained almost constant
under variation of the concentration, shown i.e. for quinones 2 and 6
respectively when the 1 mM solutions were diluted from 1 mM to
0.5mM solution and to 0.25mM (see Supplementarymaterial S2–S3).
Differential pulse voltammetry experiments were performed on a
CHI620 electrochemical analyzer. A standard three-electrode system
with Pt platelets as working and counter electrodes was used. As a
reference, a Ag/NBu4PF6/MeCN electrode with a Haber–Luggin
capillary was used.
2.5. X-ray crystal structure analysis
Single crystals of the naphthoquinones 2, 3, 4, 5, 7, 9 and 13 suitable
for X-ray crystal structure analysiswere obtained fromdichloromethane
solution. The structures of 2-methyl-3-methylamino-1,4-naphthoqui-
none 3 and 2-ethyl-3-methyl-1,4-naphthoquinone 5 contain two
crystallographically independent molecules. Both molecules possess a
very similar conformation. In all naphthoquinones the benzene ring is
planar while the benzoquinone ring shows a small deviation from
planarity in some structures. The resulting crystal structures can be
compared to those of 1 [45] and 6 [46]. Crystallographic data of
compounds 2, 3, 4, 5, 7, 9 and 13 have been deposited with Cambridge
Crystallographic Data Center. Copies of the data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html.
CCDC-640771; Nr.2 dark brown block; chemical formula
C12H11NO2; formula weight (M) 201.22; crystal system Monoclinic;
Unit-cell a=17.602(4) Å, b=9.6348(17) Å, c=13.187(3) Å, α=90°,
β=120.081(14)°, γ=90°; space group C 2/c; Z=8; μ=0.095mm−1;
number of measured reﬂections 16186; number of independent
reﬂections 3038; ﬁnal R: R1=0.044 wR2=0.119. 2-methyl-3-methy-
lamino-1,4-naphthoquinone 2 forms dimers connected by ratherweak
intermolecular NH...O hydrogen bonds. The NH group shows an
additional hydrogen bond as a weak intramolecular NH...O contact. Θ
H1–N–C1–C2−2 (1)°. O...H 2.09(2) [Å].
CCDC-640772; Nr.3 red rod; chemical formula C11H9NO2U0.5H2O;
formula weight (M) 196.20; crystal system Monoclinic; Unit-cell
a=17.048(9) Å, b=3.831(2) Å, c=27.879(16) Å, α=90°, β=97.97
(3)°, γ=90°; space group P 21/n; Z=8; μ=0.104 mm−1; number of
measured reﬂections 19,470; number of independent reﬂections 4063;
ﬁnal R: R1=0.122 wR2=0.201. Each NH2 group is involved in a weak
intramolecular NH...O hydrogen bond and an intermolecular NH...O
Hydrogen bond. Θ H1B–N1–C1–C2−9 (7)°. H2B–N2–C12–C13−1(4)°
H2B–O5 2.35(5) H1B–O2 2.24(9) [Å].
CCDC-640773; Nr.4 pale yellow needle; chemical formula C17H20O2;
formula weight (M) 256.33; crystal system Monoclinic; Unit-cell
a=7.684(3) Å, b=4.765(2) Å, c=19.333(6) Å, α=90°, β=93.043
(17)°, γ=90°; space group P 21; Z=2; μ=0.077 mm−1; number of
measured reﬂections 8184; number of independent reﬂections 1732;
ﬁnal R: R1=0.087 wR2=0.161. The hexane group has an all-trans
conformation. The C11–C12 bond has an orientation almost perpen-
dicular to the naphthoquinone plane. Θ C2–C1–C11–C12 84.4 (6)°.CCDC-640774; Nr.5 yellow block; chemical formula C13H12O2;
formula weight (M) 200.23; crystal system Triclinic; Unit-cell
a=7.9978(10) Å, b=10.0437(15) Å, c=13.2982(14) Å, α=91.623
(7)°, β=102.423(7)°, γ=95.861(7)°; space group P −1; Z=4;
μ=0.086 mm−1; number of measured reﬂections 17,078; number of
independent reﬂections 5771; ﬁnal R: R1=0.056 wR2=0.128. Θ C10–
C11–C12–C13−91.2 (2)°. C23–C24–C25–C26 89.7 (2)°.
CCDC-640775; Nr.7 yellow rod; chemical formula C11H7BrO2;
formula weight (M) 251.08; crystal system Monoclinic; Unit-cell
a=7.3187(10) Å, b=8.3629(13) Å, c=14.8943(19) Å, α=90°,
β=91.581(11)°, γ=90°; space group P 21/n; Z=4; μ=4.475 mm−1;
number of measured reﬂections 16,110; number of independent
reﬂections 3322; ﬁnal R: R1=0.050 wR2=0.105. The crystal packing
shows an intermolecular CH...Br, CH...π (benzene) and π (benzene)...π
(quinone) interaction.
CCDC-640776; Nr.9 yellow needle; chemical formula C11H8O3;
formula weight (M) 188.17; crystal system Monoclinic; Unit-cell
a=7.6626(13) Å, b=4.8585(8) Å, c=11.6463(16) Å, α=90°,
β=90.186(12)°, γ=90°; space group P 21; Z=2; μ=0.106 mm−1;
number of measured reﬂections 5560; number of independent
reﬂections 1340; ﬁnal R: R1=0.048 wR2=0.087. The molecules are
connected by OH...O hydrogen bonds to zig-zag chains in the b-
direction. The OH group also is involved in an intramolecular OH...O
contact. Themolecules form stacks in the b-direction. Molecules in the
stacks show partial overlapping π systems. The π…π-distances in the
stacks are about 3.50 Å. Θ H1–O1–C1–C2 −6 (2)°. O...H 2.18(3) [Å].
CCDC-640777; Nr.13 yellow prism; chemical formula C12H10O4;
formula weight (M) 218.20; crystal system Monoclinic; Unit-cell
a=6.8510(16) Å, b=15.553(4) Å, c=4.7944(13) Å, α=90°,
β=108.132(12)°, γ=90°; space group C m; Z=2; μ=0.113 mm−1;
number of measured reﬂections 3169; number of independent
reﬂections 751; ﬁnal R: R1=0.051 wR2=0.112.
3. Results and discussion
Vitamin K3 is the redox active core of vitamin K, the aliphatic side
chain found at the 3-position in vitamin K is replaced by a hydrogen
atom in vitamin K3. In this work, we use vitamin K3 1 as starting point
for an electrochemical study. For this purpose, in addition to the ﬁve
quinones (2, 3, 8 [21] and 5, 6 [22]) synthesized previously 2-hexyl-3-
methyl-1,4-naphthoquinone 4 and 2-Bromo-3-methyl-1,4-naphtho-
quinone 7 [43] were prepared and characterized by cyclic voltam-
metric measurements (Table 1).
Fig. 1. Cyclic voltammogram of 2 (1 mM) in 1,2-dimethoxyethane (DME) with
tetrabutylammoniumperchlorate as supporting electrolyte (10−1 mM) on platinum
working and counter electrodes. The potential is given vs. Ag/AgCl reference electrode
with a voltage sweep rate of 50 mV s−1. Epc=−0.93 V, Epa=−0.75 V, Epa−Epc=0.18 V
and E1/2=(Epa+Epc)/2=−0.84 V.
Fig. 2. Correlation of calculated electron afﬁnities EA calc with experimental midpoint
potentials E1/2 exp. Vertical electron afﬁnities ▴: EA calc= (−2.62±0.07)−(0.00134±
0.001) E1/2 exp, R=0.99. Adiabatic electron afﬁnities O: EA calc= (−2.78±0.06)−
(0.00129± 0.0001) E1/2 exp, R=0.99. Vertical electron afﬁnities using the PCM model to
account for solvent effects, THF■: EA calc= (−4.05±0.05)−(0.00118±0.00007) E1/2 exp,
R=0.99.
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potential E1/2 (Fig. 1). The neutral naphthoquinone structures were
subjected to X-ray crystal structure analyses.
Single crystals of the vitamin K3 analogues 2, 3 [47], 4, 5, 7 and 9
[47] were obtained from dichloromethane solution, their crystal
properties which are summarized and discussed in the Materials and
methods and were used as starting point for our DFT calculation.
To the set of compounds (table 1) was chosen according to the
following considerations. Substituents such as amino or methylamino
should lower the midpoint potential E1/2, when replacing the 3-
hydrogen atom in vitamin K3 (2 and 3). By contrast substituents such
as bromine 7 and nitro 8 should increase the E1/2. In the case of the
alkyl-substituted vitamin K3 analogues (4, 5, and 6), the midpoint
potential E1/2 should slightly decrease due to the inductive effect
exerted by the methylene groups. The midpoint potential E1/2 for the
quasi-reversible ﬁrst reduction step of the quinones to the corre-
sponding semiquinone radical anions (cathodic peak potenials Epc)
and the ﬁrst oxidation step of these species to the quinones (anodic
peak potenials Eap) was measured by cyclic voltammetry in 1,2-
dimethoxyethane (DME) as an aprotic polar solvent (Fig. 1).
With the exception of 9 (Supplementary material S1), for
all naphthoquinone a quasi-reversible one-electron peak (Epa–EpcN
59 mV) was observed and the cathodic peak potential did not change
with varying scan rate (for 2 Epc=−0.93 V vs. Ag/AgCl reference
electrode, with a voltage sweep rate of 50 mV s−1). In general, the
measured thermodynamic midpoint potentials show the expected
trends for different substituents, high values for substituents such as
R=NH2 and lower values for R=NO2, for instance. The relative
redox potentials for different quinones as isolated compounds are
compatible to those for the respective protein bound-forms obtained
by in situ redox potential measurements [21]. For comparison
purposes, more sensitive differential pulse voltammetry have been
applied. The results, however, indicate that the potential difference of
different quinones is nearly identical regardless of the particular
method applied (Supplementary material S4). Vertical and adiabatic
electron afﬁnities (EA) of a series of 2-methylnaphthoquinones with
different substituents at the carbon atom C-3 were calculated using
density functional methods. Density functional theory turns out to bean accurate method [48,49] to approach the single electrochemical
reduction and its relation to enzyme–cofactor interactions by allowing
the incorporation of non-covalent interactions, which are present in
protein–cofactor complexes in our calculations. The calculated values
were compared with the experimental midpoint potentials E1/2
determined by cyclic voltammetry [50]. As summarized in Fig. 2, the
theoretical EA values are linearly correlated with that of the
experimental E1/2 values. A fair correlation between theoretical and
experimental data could be established for both vertical as well as for
adiabatic electron afﬁnities.
Due to the relaxation of the geometry of the radical anion, the
adiabatic electron afﬁnities are generally more negative. Solvent
effects have been introduced on the basis of the polarisable
continuum model (PCM) using vertical electron afﬁnities for the
solvent THF as amodel for DME. The use of THF results in an additional
lowering of the computed EA, due to a more favourable interaction of
the radical anion with the solvent. However this correlation does not
improve the quality of the correlation signiﬁcantly. The correlations
shown in Fig. 2 allow a prediction of the reduction potentials for
naphthoquinones with new substitution patterns on the basis of
computed electron afﬁnities. In qualitative agreement with all
experimental data, the theoretical electron afﬁnities show a clear
dependence on the type of the substituent for the 2-methylnaphtho-
quinone series substituted at C-3 (Table 2, column A).
While electron-donating substituents such as NH2 result in low
electron afﬁnities (EA=−1.441 eV), electron-withdrawing substitu-
ents such as NO2 result in the highest electron afﬁnities (EA=
−2.286 eV). Alkyl-, hydroxyl-, mercapto- and halogen substituents
give rise to intermediate sized values that range from −1.634 eV
(R=CH3) to −1.962 eV (R=Br). The hydroxyl substituted naphtho-
quinone has a slightly smaller electron afﬁnity than its mercapto
analogue. The replacement of the hydroxyl- or mercapto-groups with
methoxy- or thioether-groups has signiﬁcant inﬂuences on the
calculated electron afﬁnities (EA(OH)=−1.750 eV, EA(OMe)=
−1.617 eV; EA(SH)=−1.851 eV, EA(SMe)=−1.752 eV). The stronger
electron-donating abilities of alkoxy- and thioether-groups result in
signiﬁcantly lower electron afﬁnities. For quinones with halogen
substituents, a signiﬁcant trend is also predicted. Substitution with a
ﬂuorine atom, which has not only an inductive-withdrawing effect but
also the largest π donating effect compared to its heavier homologues
leads to the smallest predicted EA values among the halogen
substituted quinones (EA(F)=−1.853 eV, EA(Br)=−1.962 eV). This
trend indicates that the π-donating effect is predominant over the σ-
Table 2
Calculated vertical electron afﬁnities of quinones with different substitution patterns.
a 2-Me, 3-R.
b 2-Me, 3-Me, 5-R.
c 2-Me, 3-Me, 6-R.
d Not determined.
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4–6, the elongation of the side chain has a negligible effect on the
electrochemical behaviour (the decyl substituted derivative has
nearly the same cathodic peak potential as vitamin K2; data not
shown). In agreement with the experiment, almost constant electron
afﬁnities have been calculated for different alkyl groups at C-3 (EA
(CH3)=−1.634 to EA(CH2)5CH3=−1.639 eV). This ﬁnding indicated
that the exhibited binding speciﬁcity of the quinone hydrophobic tail
in quinone converting enzymes [51,52] is not due to the electro-
chemical nature of the alkyl substitution. Neither the electrochemical
properties, nor the enhancement of the hydrophobicity is the crucial
driving force for binding, however, a speciﬁc molecular recognition
event between the methyl branch and the π-electron system in the
isoprene unit [9] occurs. For example one ligand bearing an identical
side chain can bind via two different conformations to two different
enzymes [53], the two conformations differ in the position of the side
chain resides relative to the ring. Our crystal structures of the vitamin K3
derivatives 4 and 5 shows, in solid state, the side chain perpendicular to
the ring. This conformationalsowas found for theUQ-10 anion radical in
the reaction centre (QA site) [54]. Strongly inductive-withdrawing
substituents such as R=CF3 give rise to high computed electron
afﬁnities. For R=NO2, which in principle has a strong electron
withdrawing effect operative by both inductive as well as resonance
effects the electron afﬁnity is shifted to even more negative values.
Calculations show,however, that in theoptimizedmolecular structure of
2-methyl-3-nitronaphthoquinone8, thenitro group isorientatedalmost
perpendicular (Θ=90°) to the naphthoquinone backbone. This indi-
cates that the σ-withdrawing effect is solely responsible for the very
high computed EA of 2-methyl-3-nitronaphthoquinone 8. For substi-
tuents such as NH2 and NO2, the calculated electron afﬁnities are
strongly dependent on the conformation of the substituent. In the
energetically most favoured conformation of 2-amino-3-methyl-
naphthoquinonewhich has the NH2 group in an in-plane conformationwith the quinone moiety the electron afﬁnity is signiﬁcantly lower
(EA=−1.441 eV) than in the perpendicular conformation (EA=
−1.557 eV). An analogous behaviour is calculated for 2-methyl-3-
nitronaphthoquinone8 (Table 2 and S5 in Supplementarymaterial). The
orientation of the quinone within the binding pocket of a protein is an
important issue. For example, in the photosynthetic reaction centre
light-induced conformational changes were used to switch the quinone
in the Qb site through a 180° propeller twist around the side chain from
one position where the electron transfer from Qa- is inhibited to an
alternative positionwhere it is not [6]. Similar allosteric regulation of the
electron-transfer reaction can be achieved by an interplay of substituent
conformation and electron afﬁnity in quinone reductases [55]. This
modulation constitutes an important factor in the ﬁne tuning of the
electrochemistry of the quinone cofactor within the binding pocket of
the protein. As shown above, it has been found that within 2,3-
dimethylnaphthoquinone series B and C with different substituents at
C5 and C6, electron-withdrawing substituents give higher electron
afﬁnities than electron-donating substituents. It must be emphasized
that no simple trends are observablewhen isomericmolecules (series A,
B and C) are compared. The electron afﬁnities of the compounds within
series B and C (Table 2) for a given substituent R are more positive
compared to the 2-methyl-1,4-naphthoquinone series substituted at C-
3, which is due to the electron-donating effect of the additional methyl
group. Quinones with the substituents R=NH2, NHMe, NO2 do,
however, not follow this trend. In the present study, the quinone with
the lowest electron afﬁnity is 5-amino-2,3-dimethyl-1,4-
naphthoquinone.
For R=NMe2 and R=NHMe the calculated electron afﬁnities
(R=NMe2 EA=−1.351 eV, R=NHMe EA=−1.348 eV) are about
0.1 eV higher than calculated for 3-dimethylamino-2-methylnaphtho-
quinone (EA=−1.465 eV) and 2-methyl-3-methylamino-1,4-
naphthoquinone 2 (EA=−1.449 eV), respectively. The highest EA
values are predicted for R=NO2, in particular for 5-nitro-2,3-
dimethyl-1,4-naphthoquinone (EA=−2.350 eV). In some cases, the
computed EA values of the naphthoquinones A and B are quite similar
for a given substituent R (R=F, Cl, Br, CF3, NO2), while values
predicted for compounds from series C deviate signiﬁcantly. This
observation is a characteristic feature of substituents with the highest
calculated electron afﬁnities. In contrast, for most of the stronger
electron-donating groups, e.g. R=NMe2, OMe, CH3, CH2CH3, OH the
results for B and C are comparable. The electron afﬁnities of quinones
A, B and C with R=NHMe, NH2, SH do not comply with these simple
rules. The electron afﬁnity of naphthoquinones can be adjusted by two
factors. Firstly, a variation of the substituents R from R=NH2 to
R=NO2 alters the EA values by approximately 0.8 eV. Secondly, as
exempliﬁed for 2-amino-3-methyl-1,4-naphthoquinone 3 and 2-
methyl-3-nitro-1,4-naphthoquinone 8, conformational changes can
adjust the EA value by approximately 0.1 eV (Table 2). Upon binding,
signiﬁcant conformational changes can be induced in the quinone,
which results in different electron afﬁnities. Applying the correlation
of Fig. 2, a difference in the EA of 0.1 eV corresponds to a predicted
difference in the reduction potential of 75 mV. This value can be
compared to an estimated shift of approximately 100 mV, which can
be induced by the interaction between the cofactor and its protein
environment [24,56]. Besides conformational changes induced upon
binding to a protein, other factors can affect the electron afﬁnity of
naphthoquinones, for example the formation of hydrogen bonds
between quinones and the biological targets. It has been shown that in
synthetic guest–host systems the electrochemical property of a redox
active guest is modulated by the host using hydrogen bond formation
[57]. For the related cofactor ﬂavin, one ﬁnds the same operative non-
covalent interactions upon the binding to the enzyme pocket and the
environment [58]. With the exception of some examples of covalently
bounded quinone cofactors [59], most quinone cofactors are buried in
the hydrophobic protein interior and are held by an accumulation of
attractive non-covalent interactions, in particular hydrogen bonding
606 H.R. Nasiri et al. / Biochimica et Biophysica Acta 1787 (2009) 601–608has been shown to play a dominate role. The crystal structure of the
quinone–enzyme complex provides detailed information about this
dominate non-covalent interaction. The precise adjustment of the
quinone into the enzyme pocket and thereby the formation of the
non-covalent interaction is crucial for enzyme activity [60].
We investigate the role of hydrogen bonding interactions by using
smaller model systems, i.e. adducts of small molecules like water,
methanol or methylamine with vitamin K3. In these model systems
the quinone–water complex plays an outstanding role. In the bovine
mitochondrial [61] and yeast [8] cytochrome bc1 complex crystal
structures, one or two water molecules are localized at the quinone
reduction (Qi) site and are involved in the mechanism of quinone
reduction and protonation. An E1/2 value can be predicted by applying
the correlation in Fig. 2 to the calculated adiabatic electron afﬁnities of
10, 11 and 12. The formation of the hydrogen-bonded complexes
10–12 leads to a signiﬁcant increase of the electron afﬁnities, due to a
decrease of electron density at the keto group. In the case of the
methanol-vitamin K3 complex 11, the electron afﬁnity has the largest
negative value (EA adiabatic=−2.188 eV) with a predicted midpoint
potential E1/2 predicted=−459mV, while for 12 the smallest change
compared to free Vitamin K3 is predicted (EA adiabatic=−2.002 eV,
E1/2 predicted=−603 mV). The electron afﬁnity of the water adduct
10 is very close to that of 11 (EA adiabatic=−2.167 eV, E1/2
predicted=−457 mV).
Based on the computed electron afﬁnities, biological activities of
quinones cannot only be rationalized but also predicted. For example
quinones with low electron afﬁnities such as 2-amino-3-methyl-1,4-
naphthoquinone 3 or 2-methyl-3-methylamino-1,4-naphthoquinone
2 are converted by QFR (quinol: fumarate reductase) as substrates
[21]. This ﬁnding makes it possible to predict substituents and
substitution patterns of quinones with desired biological activity.
On the basis of a comparison of electron afﬁnities it is also possible
to predict the reactivity of quinone radical anions towards molecular
oxygen, a reactionwhich was shown to be important for redox cycling
and in and oxidative stress[5]. Quinones with higher EA values
(R=NH2, EA=−1.441 eV to R=OH, EA=−1.750 eV, series A) than
molecular oxygen (EA=−1.753 eV) should shift the equilibrium in
Eq. (1) to the left, while quinones having lower EA values (R=SH,
EA=−1.851 eV to R=NO2, EA=−2.286 eV, series A) shift the
equilibrium to the right:
NQ
− + O2±NQ + O
−
2 ð1Þ
A comparison of experimental reduction potential (E1/2=
−652 mV) and predicted reduction potential (E1/2, predicted=
−696 mV) of 6,7-dimethoxy-1,4-naphthoquinone 13 on the basis ofthe established correlation using vertical electron afﬁnities (Fig. 2)
suggests that this correlation is not conﬁned to quinones with the
considered substitution pattern but is also valid for naphthoquinones
in general.
Note added in proof
Our predicted and calculated shift in electron afﬁnity induced by
hydrogen bonding in the vitamin K3 - water complex compared to
vitamin K3 has recently been determined experimentally (Y. Hui,
J. Am. Chem. Soc. (2009) 131, 1523–1524).
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